ABSTRACT: The organic−inorganic hybrid perovskites methylammonium lead iodide (CH 3 NH 3 PbI 3 ) and the partially chlorine-substituted mixed halide CH 3 NH 3 PbI 3−x Cl x emit strong and broad photoluminescence (PL) around their band gap energy of ∼1.6 eV. However, the nature of the radiative decay channels behind the observed emission and, in particular, the spectral broadening mechanisms are still unclear. Here we investigate these processes for high-quality vapor-deposited films of CH 3 NH 3 PbI 3−x Cl x using time-and excitation-energy dependent photoluminescence spectroscopy. We show that the PL spectrum is homogenously broadened with a line width of 103 meV most likely as a consequence of phonon coupling effects. Further analysis reveals that defects or trap states play a minor role in radiative decay channels. In terms of possible lasing applications, the emission spectrum of the perovskite is sufficiently broad to have potential for amplification of light pulses below 100 fs pulse duration. 1−4 A major advantage of these organic− inorganic hybrid materials is their ability to combine the favorable properties of inorganic semiconductors − especially their high carrier mobilities 5−7 − with the flexibility and lowtemperature processability of organic materials. Organometal halide perovskites have already been studied to some extent over the past two decades, 5,8−10 when the main applications targeted were thin-film transistors and light-emitting diodes. Research efforts penetrated the whole breadth of the material class, encompassing fully confined and 2-D layered structures that exhibited high tunablility of their excitonic properties via the size of the organic cationic molecule.
O rganometal halide perovskites have recently created a surge of attention following their impressive performance in thin-film solar cells. 1−4 A major advantage of these organic− inorganic hybrid materials is their ability to combine the favorable properties of inorganic semiconductors − especially their high carrier mobilities 5−7 − with the flexibility and lowtemperature processability of organic materials. Organometal halide perovskites have already been studied to some extent over the past two decades, 5,8−10 when the main applications targeted were thin-film transistors and light-emitting diodes. Research efforts penetrated the whole breadth of the material class, encompassing fully confined and 2-D layered structures that exhibited high tunablility of their excitonic properties via the size of the organic cationic molecule. 11 More recently, the main focus has been on 3-D materials in the classic perovskite configuration ABX 3 , where the cation A is a small organic molecule such as methylammonium or formamidinium, B is a metal, and X a halogen. In particular, high-quality methylammonium lead iodide (CH 3 NH 3 PbI 3 ) and the mixed halide obtained by partial substitution with chlorine (CH 3 NH 3 PbI 3−x Cl x ) have been successfully used in highefficiency solar cells, 3, 4 where they exhibit favorable optical and electronic properties such as strong optical absorption in the visible and ultraviolet spectrum, 2 long free charge carrier lifetimes, and high carrier mobilities. 7,12−14 These properties are also highly desirable for many other optoelectronic applications, where organic−inorganic perovskites could once more lead to a step change in feasibility or performance. However, little indepth knowledge exists to date on what governs the behavior of the emissive species in these materials.
In this work, we investigate the intense, broad band-edge luminescence from CH 3 NH 3 PbI 3−x Cl x with the intention of unravelling the nature of the emission line broadening and the underlying radiative recombination processes. We focus on thin films fabricated from thermal vapor deposition, which allows for smooth film-formation and high crystalline order, making them very suitable for general device applications. 4 Using photoluminescence spectroscopy with continuously tunable excitation energy, we scrutinize the broadening mechanism in the mixed halide CH 3 NH 3 PbI 3−x Cl x , which features an emission peak around its band-gap energy (1.62 eV) with a full width at half-maximum (FWHM) of 103 meV. By scanning the excitation energy across the width of this peak while observing the spectral shape of the PL emission, we establish that the spectral broadening is homogeneous. We further acquire timeresolved emission spectra and find that the spectral shape is invariant between 200 ps and 200 ns after excitation, suggesting an absence of significant disorder-related effects in the emissive species. On the basis of our observations, we propose strong phonon coupling of charge carriers arising from their polaronic properties as a likely source of the homogeneous broadening. Owing to the uncertainty relation between pulse duration and frequency bandwidth manifested in the natural spectral line width, a broad emission spectrum is one of the primary prerequisites for gain materials in ultrashort (femtosecond) pulsed lasers. 15 Here perovskites could also offer a perspective for electrically pumped designs creating a significant advantage over many well-established femtosecond-laser gain materials that require optical pumping. With the observed spectral width of 103 meV, the homogeneous gain medium could sustain amplification of light pulses as short as 6.4 fs. Figure 1a displays the optical transmission and reflection spectra of a vapor-deposited CH 3 NH 3 PbI 3−x Cl x film in the NIR/VIS range. The onset of interband absorption can be identified as an edge centered at 1.64 eV, in agreement with previously published data on thin films of solution-processed mixed halide CH 3 NH 3 PbI 3−x Cl x (refs 2, 6, and 12) and trihalide CH 3 NH 3 PbI 3 (ref 16 ) materials. At photon energies below the steep absorption onset at 1.64 eV, the transmission and reflectance spectra exhibit clear thin-film-interference (Fabry−Perot) effects, which indicates that the film thickness is very uniform and the surface is optically flat, preventing any substantial light scattering. From the data in Figure 1a and the film thickness d = 330 nm (determined from SEM cross sectional imaging), we obtain the absorption coefficient shown in Figure 1b together with the PL emission spectrum. Because information on excitonic effects is still emerging and the exact nature of the electronic structure near the band edge is still being explored, extraction of the precise band gap energy is difficult due to the lack of an unambiguous physical description of the absorption onset. A direct semiconductor in accordance with the results of band-structure calculations 17−20 ought to exhibit a broad regime for which α ∝ (E − E g ) 1/2 near the absorption onset. 21 Such a square-root behavior would at best partially fit the initial steep rise around 1.64 eV, leaving the following sharp transition to a flatter regime difficult to account for. Absorption enhancements at the band edge caused by resonant exciton creation would provide a plausible explanation for an initially steeper rise of the absorption coefficient. , which is sufficiently high for enhancement effects to be observed at room temperature, given that for T = 297 K the characteristic thermal energy is k B T = 25.6 meV. We note that reliable clarification of the nature of the absorption onset may require in-depth theoretical modeling, for example, in conjunction with low-temperature absorption data to allow isolation of individual contributions.
The photoluminescence emission spectrum of vapordeposited CH 3 NH 3 PbI 3−x Cl x is shown along with the absorption data in Figure 1b . We find that the spectrum has a full width at half-maximum (FWHM) of 103 meV. With its center of mass (1.617 eV) near the low-energy tail of the absorption edge, the PL emission appears to show a slight down-shift in energy with respect to the band gap. The magnitude of any potential shift is, however, subject to some uncertainty due to the previously mentioned ambiguities in the precise location of the band gap energy. Such Stokes shifts are commonly observed in different materials for a variety of reasons including migration of excitations to low-energy sites 25 and lattice relaxation (polaronic effects). 26, 27 More remarkable is the apparent presence of additional broadening mechanisms, resulting in the emission line width being almost twice as broad as the spectral width of the absorption onset (56 meV, determined as the FWHM of the derivative of the absorption edge; see Supporting Information).
To probe the mechanisms that underlie the broadening of the PL emission spectrum, we recorded photoluminescence spectra while scanning the excitation energy through the absorption edge and across the full range of the emission spectrum. For this experiment, we operated the Ti:sapphire pump laser in continuous wave mode to allow spectrally narrow excitation of the sample. A representative subset of the acquired spectra is shown in Figure 2a . Because it is experimentally impossible to fully separate scattered excitation light from the photoluminescence, the spectra also exhibit additional sharp peaks at the corresponding excitation energy. In Figure 2b , we plot the spectrally integrated PL emission intensity as a function of excitation energy. For this purpose, the PL intensity was normalized for excitation photon flux and the scattered excitation light peaks were removed through data interpolation.
From the excitation energy-dependent PL data, we can make the striking observation that across the entire excitation range the emission spectrum has an identical shape. While this result is visually apparent from the spectra shown in Figure 2a , we provide further analysis by extracting the energy of maximum emission and the positions of the left and right half-maxima as a function of excitation energy in Figure 2b (see also normalized spectra in Supporting Information). While the uncertainty increases in the regime of weaker PL emission (as indicated by the error bars), Figure 2b confirms that the emission spectrum of CH 3 NH 3 PbI 3−x Cl x is independent of excitation energy across the interband absorption onset. We therefore conclude that the broadening mechanism must be homogeneous; that is, the emission at every single site is itself equally and fully broadened. If this were not the case, selective excitation within a distribution of inhomogeneous sites would generate charge pairs only at those sites that are tuned to the particular excitation energy used. As a result, the excitation energy would be site-selective, and the emission spectra would shift to reflect the local nature of the sites selected. Such site-selective emission shifts can, for example, be observed for thin films of disordered polymeric semiconductors exhibiting significant inhomogeneous spectral broadening. 25 In contrast, our observation of shape-persistent emission spectra for resonant excitation throughout the emission spectrum of vapordeposited CH 3 NH 3 PbI 3−x Cl x highlights the low degree of disorder present in these thin films.
To gain further insights into the dynamics of radiative decay channels in CH 3 NH 3 PbI 3−x Cl x and the factors determining the spectral shape of the emission, we recorded time-resolved photoluminescence spectra by means of time-correlated single photon counting (TCSPC). PL decay traces were recorded for a range of regularly spaced emission energies and the spectra at the desired time-delays reconstructed from the data. Figure 3a shows the resulting 3-D plot of the emission spectra at various times after pulsed excitation at 2.43 eV. Visual inspection of these data reveals an essentially time-independent spectral shape of the PL emission. (See Supporting Information for normalized spectra.) Again, we extract the energetic positions of the emission maximum and half-intensity points of each spectrum to allow for better inspection of potential changes in the spectrum over time. (See Figure 3c .) This plot clearly confirms that the PL emission spectrum of CH 3 NH 3 PbI 3−x Cl x is time-independent for time delays between 200 ps and 200 ns. Again, these results suggest an absence of significant inhomogeneous broadening arising from energetic disorder. For materials incorporating a broad energetic distribution of sites, as for example semiconducting polymer films, 28,29 porous silicon, 30 or heavily doped crystalline GaAs, 31 pulsed excitation of the material is usually followed by gradual emission shifts toward lower energy with time, resulting from migration to lower energy sites in the inhomogeneous distribution. The absence of such emission energy shifts with time after excitation in CH 3 NH 3 PbI 3−x Cl x films is therefore fully compatible with our prior observation of a predominantly homogeneously broadened emission line width. Figure 3b shows that the PL emission intensity from vapordeposited CH 3 NH 3 PbI 3−x Cl x decays relatively slowly over a few 100 ns after excitation, in similarity to previous reports 12,13 for solution-processed films. The observed PL transients are almost fully monoexponential and only exhibit very slightly increasing decay rates for increased excitation fluences. As previously reported for solution-processed CH 3 NH 3 PbI 3−x Cl x films, such effects arise mainly from the onset of bimolecular charge recombination, which becomes more and more dominant as the charge-carrier density is increased. 7 From the PL decay at low excitation fluence (0.6 μJ/cm 2 ) and at longer delays (>100 ns) after excitation, a monomolecular decay lifetime of 94 ns can be extracted by fitting a single exponential decay function to the data. We also note that while there is some fluencedependence of the PL decay rate, the shape of the emission spectra was found to be independent of excitation fluence for values up to at least 20 μJ/cm 2 (not shown). This observation again suggests an absence of disorder-related effects such as potential saturation of low-energy states in the tail of an inhomogeneously broadened density of states that would induce spectral shifts with increasing excitation fluence.
For the discussion of our findings, we consider several processes that can potentially cause substantial homogeneous PL emission broadening and the observed asymmetry with the spectral broadening of the absorption edge. The simplest origin of homogeneous broadening is given by the natural line width of ΔE = ℏ/τ caused by the finite lifetime τ of the excited state. 15 The observed asymmetry between absorption and emission broadening would in this case require at least one additional intermediate state in the recombination process with an extremely short lifetime ≤6.4 fs (corresponding to ΔE = 103 meV), which is six orders of magnitude shorter than the overall decay dynamics we actually observe in time-resolved PL (Figure 3c ). In addition, lifetime broadening would have to result in a Lorentzian emission line shape; 15 however, the observed spectra (Figure 2a) , and, in particular, the shape of the tails that resemble those of a Gaussian, are not consistent with a Lorentzian distribution function. We therefore conclude that lifetime broadening is not responsible for the dominant contribution to the observed broad emission line width.
Another possible source of homogeneous broadening lies in the participation of phonons in the radiative recombination process. Figure 2a clearly shows that the PL emission spectra feature a superposition of at least two peaks. It appears that a possible underlying composition could consist of a band-edge emission peak and a number of side bands responsible for the shoulder at ∼1.58 eV and the broad tails. PL side-bands are commonly found to arise from phonon creation or annihilation and have been observed in a whole variety of materials, ranging from inorganic semiconductors such as silicon 32 and colloidal nanocrystals 33−36 to metal halides 37−39 and organic (molecular) semiconductors. 25 We have recently shown that the lowfrequency photoconductivity spectra of solution-processed CH 3 NH 3 PbI 3−x Cl x and CH 3 NH 3 PbI 3 films contain the signature of metal halide lattice vibrations. 7 It therefore seems likely that the emission from such photogenerated charge pairs is also subject to interaction with phonons. Given the large size of the crystallites for these vapor-deposited films of CH 3 NH 3 PbI 3−x Cl x (extending to hundreds of nanometers; see ref 4) and the absence of time-dependent spectral emission features, the phonon coupling mechanism will most likely arise directly from the intrinsic nature of the bulk material rather then derive from surface-mediated effects. In further support for the presence of such vibrational effects, we show the changes in absorption edge and PL emission spectra for temperature lower than 297 K (see Supporting Information). For the absorption edge, a sharpening compatible with a reduction in thermal broadening is observed at 160 K. For the PL emission, the highenergy edge sharpens at 160 K, as would be expected for reduced phonon absorption at lower temperature. The lowenergy edge still shows a side shoulder, in agreement with phonon emission, which ought to be largely unaffected by temperature. Hence these results underline the notion of phonon coupling contributing to the emission from this material.
In the picture of electronic band structure, processes involving phonon creation or annihilation simultaneous to the emission of the photon are of particular importance in indirect gap semiconductors, where a third particle is needed during electron−hole recombination to accept the momentum difference between conduction band minimum (CBM) and valence band maximum (VBM). Luminescence from indirect semiconductors hence often exhibits a broadened spectrum, as for example, observed in crystalline silicon. 32 Band structure calculations have so far postulated a direct band gap for the methylammonium lead halides CH 3 19) . Similar recombination dynamics to those in indirect semiconductors could, however, also arise from the existence of a second conduction band valley that is only separated from the main (Γ-) valley by a low-energy barrier, allowing rapid equilibration of their populations. The low bimolecular decay rates and the observation of Auger processes in CH 3 NH 3 PbI 3−x Cl x (refs 7, 12, and 13) suggest that recombination via the direct transition is in some way inhibited, which leaves the possibility for an additional indirect transition to become a dominant recombination pathway. We note however that the likelihood of this scenario to apply in the present case is reduced by the fact that calculations of the electronic band structure of CH 3 NH 3 PbI 3−x Cl x have so far not indicated the presence of a second valley. 19 As an alternative concept, the observed broadening may be attributed to polaronic effects, similar to those observed in molecular semiconductors 40, 41 or metal halides. 39 Here the photogenerated electron−hole pair strongly couples to the underlying lattice, which leads to a geometric lattice relaxation around the created charge. As a result, the emission is found to be Stokes-shifted from the absorption edge and likely contains phonon features. For materials with strongly ionic bonding and hence strong exciton−phonon interaction, Coulomb-correlated electron−hole pairs have therefore also been referred to as "self-trapped excitons". 39 Such phenomena have been evoked in alkali halides, 42 transition-metal halides, 38 and also certain perovskites. 43, 44 They are therefore likely to also play a role in the related compounds here. We note that for metal halides the barrier to self-trapping was found to be generally low, and the process appeared to occur on ultrashort (subpicosecond) time scales related to the involved lattice vibration periods. 39 We therefore would not necessarily expect any signature of selftrapping dynamics in the time-resolved PL spectra shown in Figure 3a , as these were taken with much lower time-resolution. Previous work on alkali halides often revealed significant Stokes shifts between absorption and emission. 39 For the CH 3 NH 3 PbI 3−x Cl x films under investigation here, the lack of an unambiguous physical decomposition of the broad absorption and emission features prevents the extraction of an exact Stokes shift. However by visual inspection of Figure  1b , we find that possible values could at most be on the order of 30 meV. This suggests that any polaronic effects in this system are comparatively small, in agreement with the high chargecarrier mobilities 7 and long diffusion lengths 12−14 recently reported for solution-processed methylammonium lead halide perovskite films. Hence while polaronic effects may be present in these materials, they appear to be sufficiently small to still allow excellent charge extraction and high open-circuit voltages
The Journal of Physical Chemistry Letters in planar-heterojunction photovoltaic device architectures. 4,7,12−14 Our observation of a strongly homogeneously broadened emission line shape has two implications for device applications. First, the absence of spectral shifts resulting, for example, from site-selective excitation or excitation migration in these materials suggests that disorder and trapping is scarce, at least for the dominant bulk-like emissive species. This finding again highlights the suitability of these materials for photovoltaic applications, for which material disorder in systems such as organic semiconductors, mesoporous metal oxides, and amorphous silicon has been shown to correlate with a reduction in photovoltage. 45 We cannot rule out the presence of disorder or traps near the surfaces of the perovskite, as these contribute little to the overall emission in terms of volume fraction. However, surface states are also highly accessible to passivation treatments 46, 47 that can be more easily applied here than throughout the bulk structure. Second, materials with broad homogeneous emission line shapes fulfill a central requirement for gain media in femtosecond lasers due to the high natural bandwidth of ultrashort pulses (103 meV at 6.4 fs). Organolead halide perovskites already show many of the required properties for lasing operation, such as strong emission and a sufficiently long-lived upper state. The potential for electrical injection due to the good charge conductivity of the material 6,7 may create a crucial advantage over existing gain media, enabling more compact and efficient laser systems than those relying on optical pumping.
In conclusion, we have investigated the origin of spectral broadening in the emission of vapor-deposited CH 3 NH 3 PbI 3−x Cl x . By recording PL spectra while continuously tuning the excitation energy across the spectral range of the emission peak, we reveal that no observable selective excitation occurs of subsites in resonance with the respective energy. We hence establish that the broadening mechanism is homogeneous with an associated width of 103 meV. We furthermore show that the PL emission spectrum does not exhibit a dependence on time after excitation or excitation fluence, suggesting a high degree of order present in the film. The slightly Stokes-shifted and homogenously broadened PL spectra exhibit features consistent with phonon coupling as the dominant spectral broadening mechanism of the emission from CH 3 NH 3 PbI 3−x Cl x . Our findings underline the potential of organometal halide perovskites for a wider range of optoelectronic applications beyond photovoltaic energy conversion. In particular, the observed broad homogeneous line width ought to allow amplification of Fourier-transform-limited pulses with sub-100 fs duration, making these materials interesting for pulsed laser operation.
■ EXPERIMENTAL METHODS
Sample Preparation. Thin films of CH 3 NH 3 PbI 3−x Cl x perovskite were deposited by dual-source evaporation, as described in detail in ref 4 . Lead chloride (PbCl 2 ) and methylammonium iodide (CH 3 NH 3 I) were deposited simultaneously onto 1.7 mm thick glass substrates under high vacuum. Before starting the evaporation, the tooling factor (which is a ratio of the material deposited on the sensors to that on the samples) was estimated for each source individually.
Approximately 500 mg of CH 3 NH 3 I and 100 mg of PbCl 2 were loaded into separate crucibles, and the substrates were placed in a substrate holder above the sources. The two crucibles were heated above the desired deposition temperatures under high vacuum (10 −5 mbar) for ∼5 min to eliminate volatile impurities in the chamber before coating the substrates with perovskite. To prepare representative perovskite films, we set key deposition parameters such as the deposition rates and duration for the two sources as previously optimized for best performance of the material in solar cells. 4 This includes using a CH 3 NH 3 I:PbCl 2 molar ratio of 4:1 and deposition rates of 5.3 Å s −1 for CH 3 NH 3 I (crucible temperature around 116°C) and 1 Å s −1 for PbCl 2 (crucible temperature of around 320°C), maintained for ∼128 min of evaporation. The substrate holder was rotated to ensure uniform coating, while the film was deposited on the substrate. Annealing the as-deposited films at 100°C for 45 min in a N 2 -filled glovebox enabled full crystallization of the perovskite, darkening the color and resulting in an apparent growth of crystal features visible in SEM images. 4 The resulting film thickness is 330 ± 5 nm. Photoluminescence Spectroscopy. Photoluminescence spectroscopy with continuously tunable excitation is performed using an experimental setup based on a tunable Ti:sapphire laser operated in continuous-wave mode. A variable attenuator is used to stabilize the intensity incident on the sample at ∼5 W cm −2 across the full photon energy range. Samples are mounted in a vacuum cell maintaining a pressure below 10 −5 mbar. In this environment, the materials are observed to be stable over days involving exposure to the excitation light for many hours, with no degradation in PL or visual change in film appearance observed for the duration of the measurements. Photoluminescence from the sample is collected by a pair of offaxis parabolic mirrors and focused onto the entry slit of a grating monochromator. Polarizers in the excitation and emission beam path ensure that only luminescence of perpendicular polarization to the excitation light is detected to suppress scattered excitation light. Entry slit width and grating constant of the monochromator are chosen to achieve a spectral resolution Δλ better than 0.5 nm. The spectrally resolved PL is detected by a nitrogen-cooled Si-CCD detector and corrected for spectral response of the apparatus by using a tungsten filament lamp of known emissivity spectrum. Unless otherwise stated, measurements were taken at room temperature (297 K).
Time-Resolved Photoluminescence. Time-resolved photoluminescence experiments are performed on a PicoQuant FluoTime 300 fluorescence spectrometer by means of time-correlated single-photon counting. A pulsed diode laser operating at a photon energy of 1.96 eV (634 nm) excites the sample, which is contained in a vacuum chamber at pressures below 10 −5 mbar, with a repetition rate of 2 MHz. PL is collected through a lens and detected at perpendicular polarization with respect to the excitation light. A grating monochromator is configured to provide spectral filtering with a resolution Δλ of ∼2 nm before photons are counted by a hybrid photodetector. A variable attenuator in the emission path is used to ensure counting rates are kept below 1% of the repetition rate to avoid multiphoton events. All measurements were taken at room temperature (297 K).
Optical Absorption Spectra. Optical absorption spectra were acquired in a Perkin-Elmer Lambda 1050 UV/vis/NIR spectrophotometer with spectral resolution of 2 nm. absorption spectra. This material is available free of charge via the Internet at http://pubs.acs.org.
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